Gd-doped ceria nano powder(~5 nm) was shock-loaded by a plate impact experiment using a single stage light gas gun. A computational model was used to simulate the shock state(pressure and density changes along time) of the sample in two dimensional Eulerian code. The predicted density of compacted sample from the simulation was about 90%. To reveal the effect of shock compaction on sintering behavior, the recovered sample was heat-treated and the microstructure was compared with that of a conventionally compacted and heat-treated sample.
Introduction
Shock compaction has been investigated in order to obtain highly dense crack-free materials containing different properties with conventionally fabricated ones. 1 
"
3 Some theoretical models for shock states of powders during the propagation of a shock wave were developed. 4 " 9 Other models described the deformation of each powder particle under a shock-loading condition. 10 Recently, two dimensional Eulerian codes were used to estimate the plastic deformation and thermal conduction among particles. 5 ' ""' 3 These models are very important to estimate the energy state and other shock parameters affecting the shock compaction. There exist two major problems in shock compaction. One is cracking of the compacted samples, and the other is non-uniform microstructure and mechanical properties. It was suggested that small particles have a potential to obtain crack-free compacts, because the pore size of final compacts is dependent on the particle size. And it is also considered that more uniform microstructure can be revealed because the time of shock rise seems to be enough to conduct the heat through the whole particle. Therefore shock compaction and recovery experiment is considered as a novel technique for consolidation of nanocrystalline ceramics without grain growth.
There are a few experimental methods to obtain a shock-loaded powder compact. Some of them are explosively driven devices and others are gun systems. In case of the former, the high shock pressure is obtained by detonating explosives. In gun systems, a flyer plate accelerated by using light gas, explosives, or electromagnetic devices impacts a target sample. The principal advantages of gun systems are the reproducibility and the planarity and parallelism at impact.
Gd-doped Ceria (CGO) electrolyte is one of the promising alternative electrolyte for intermediate-temperature solid-oxide fuel cell (IT-SOFC) due to their high ionic conductivity.
1 ' * It is an interesting issue whether the nanocrystals of bulk ceramics improve the ionic conductivity or not.
Experimental Procedure
CGO nano powder(~ 5 nm, Nextech, USA) was used. Firstly, it was statically compacted to determine the crush-strength which was theoretically developed by Fischmeister and Artz. Using the determined crush-strength and the Hugoniot data from LASL, a simulation was conducted to estimate the required velocity of the flyer plate to obtain highly dense powder compact using the two dimensional Eulerian code of Autodyn. According to the result of simulation, a stainless steel(SS304) flyer plate was used and the velocity of projectile was determined as -1000 m/s. The powder was pressed into a stainless steel(SS304) capsule to form a ~2 mm thick disk of 12 mm diameter at a density of 48 % of theoretical maximum density. Then the 80-mm diameter, 10-m long single stage light gas gun at Georgia Tech was used for performing the shock compaction experiment. The velocity was measured using 4 in-line shorting-pins. After the shockloading, the steel capsule was recovered and lathed carefully to get the compacted sample out. Pieces of recovered compact were heat-treated at 600, 700, and 800°C for 1 hr. The heating and cooling rate was 120°C/hr. The heat-treated pieces were mounted and carbon-coated and then the microstructures were observed using SEM(Philips XL-30, Netherlands). The fracture surfaces of heat-treated samples were also observed and compared with the as-received one.
Results and Discussions

Crush-strength determination
The crush strength of CGO nano powder was determined from static compaction experiment. The equation based on the Fischmeister-Artz model was used to fit.
16 ' 1-/9 y p 0 is initial packing density, <J is the yield strength of the powder, P is the applied pressure, and p is a certain final density. The determined crush strength was ~ 8 GPa from the fitted data of Fig. 1 .
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Fig. 1. Fitting data from static compaction of Gd-doped ceria.
Simulation of the shock states of powder
To predict the shock state of compact, numerical simulations were performed. The initial configuration used in the simulations is shown Fig. 2(a) . Compaction was accomplished by introducing a compressive stress wave into the powder capsule using a gas-accelerated flyer plate. (Fig. 2(b) and (c)) The material response was simulated using the two dimensional Eulerian code Autodyn. The P-oc model, which was developed by Herrman and Carrol and Holt 17 " 18 , was used to describe the shock pressure and density of compact. Table 1 lists the values used for the material properties. To approximately determine the appropriate stress wave conditions for successful compaction, a few of simulations were performed at varying projectile impact velocities.
As a result of the simulation, the projectile velocity was determined as ~ lOOOm/s which was able to compact the CGO powder over 90 % TMD. 
Shock-compacted samples
The compact was partially recovered as shown in Fig. 3(a) , and a few of fragmented pieces were also obtained. The fracture surface of the as-received compact was examined using scanning electron microscope (SEM). As shown in Fig. 3(b) , the grain size of asreceived compact remained very small and the compact seemed to be highly dense.
However, a few of microcracks existed in the compact. (Fig. 3(c) ) The fracture surfaces of heat-treated compacts from 600°C to 800°C were shown in Fig. 4 . As the temperature increased, boundaries of particles became more undistinguished (Fig.  4. (d) ~ (f) ), especially at 800°C. The relatively large fracture morphology also seemed to be healed from highly uniaxially-compacted structure. (Fig. 4. (a) ~ (c)) It means that the cohesion among particles starts between 700°C and 800°C. As shown Fig. 4 .(g), although there were no noticeable pores at the polished surface, a few of parallel microcracks remained. It is considered that the tensile component from reflected stress wave caused to generate those cracks. From the result, it can be considered that the shock compaction method has an advantage of consolidating powders, however, there still remains a limitation that microcracks exist in the compacted body. 
Summary
The CGO nano powder was shock compacted using a plate impactor. A static compaction experiment and a simulation with a two dimensional Eulerian code were used to predict the projectile velocity for the appropriate pressure of compaction. An apparently dense body of CGO was obtained from the shock compaction. Microstructures (the fracture surface and the polished surface) of the heat-treated samples were compared to those of the conventionally fabricated ones, and there was a large microstructural difference between them. The shock-compacted body was denser than the conventionally fabricated one, however, there still existed a few of microcracks due to tensile stress component.
Although it is necessary to improve some problems such as microcracks, the shock compaction method has a potential to obtain crack-free materials with novel properties.
